Highly social insects dominate terrestrial ecosystems because society members belong to discrete castes that undertake distinct tasks. The distinct functional roles of members of different castes may lead to divergent selective regimes, which may ultimately lead to morphological specialization and differentiation of the castes. This study used morphological and genetic analyses to identify traits that experienced caste-specific selection in the social wasp Vespula maculifrons (Buysson, 1905). Traits putatively under selection were identified based on their degree of caste dimorphism, levels of variability, strength of correlations with other traits, and patterns of allometric scaling. Analyses of trait characteristics suggested that queen thorax length, thorax width, and possibly mass, have experienced queen-specific selection. Additionally, trait dimorphism and intercaste phenotypic correlation values were negatively correlated, as expected if some morphological traits were subject to selection, leading to alternate phenotypic optima in the two castes. Overall, our analyses demonstrate how techniques used to identify selection between dimorphic groups can be applied to social species with distinct castes. In addition, our analyses suggest the operation of selection may be stronger in reproductive than in non-reproductive castes.
INTRODUCTION
Individual members of most animal species belong to distinct classes, which perform different functional roles (e.g. the sexes; Andersson, 1994; Chippindale, Gibson & Rice, 2001 ). The distinct roles undertaken by members of different classes may lead to classspecific selective regimes, which can differentially affect the evolution of morphological traits within classes. Ultimately, homologous traits in each class may evolve towards separate phenotypic optima, which can lead to dimorphism among individuals in the population (e.g. sexual dimorphism; Lande, 1980; Fairbairn, 1997; Reeve & Fairbairn, 2001) .
Distinct classes have evolved in many social insect species (ants, termites, some bees, and some wasps; O'Donnell, 1998; Noll, Wenzel & Zucchi, 2004) . For instance, hymenopteran social insect females are divided into queen and worker castes (Wilson, 1971) . Generally, queens are the primary reproductive females, and are responsible for founding new colonies. In contrast, workers forage, maintain the nest, and care for the brood. Many social insect queens show dramatic morphological differences from conspecific workers. Moreover, queen-worker caste differences generally arise via environmental determination, thus making the caste system a key example of polyphenism, whereby the same genotype generates distinct phenotypes (Wheeler, 1986; Goodisman, Kovacs & Hunt, 2008) .
Queens and workers in ancestral social insect populations probably responded to, and in turn generated, divergent selective pressures, which ultimately resulted in morphological differentiation between the castes. The purpose of this study was to identify the past operation of selection on caste dimorphic traits using classic morphological analyses that have not previously been applied to caste systems. Specifically, we aimed to discern the effects of caste-specific selection in a strongly caste-dimorphic social wasp by incorporating methods typically used to identify the action of sexual selection on morphological traits.
We first attempted to identify the operation of selection in social insect castes by analysing individual morphological traits in four different ways. First, we calculated the level of trait dimorphism between castes. Caste-specific selection may move traits within castes to different phenotypic optima, as sometimes occurs for traits under sex-specific selection (Lande, 1980; Reeve & Fairbairn, 1996 Bonduriansky & Rowe, 2005) . Consequently, divergent selection between castes would lead to strong dimorphism for particular traits over time. Thus strong trait dimorphism in contemporary social insect populations would provide possible evidence of past selection within one or both castes.
Second, we compared levels of trait variation between castes. A trait experiencing strong stabilizing or directional selection in one caste is expected to display lower levels of phenotypic variation than the same trait in the other caste, provided that genetic variation influences phenotypic variation in similar ways in both castes (Falconer & MacKay, 1996; Kovacs et al., 2010) . Thus, significant differences in the level of trait size variation between castes may reflect the past effects of selection.
Third, we determined whether morphological traits were correlated within castes (i.e. intracaste correlations). Intracaste trait correlations arise when a change in size of one trait leads to a correlated change in size of another trait. Such correlations may constrain phenotypic evolution, because a particular trait may be unable to evolve independently of another. However, strong antagonistic selective pressures may ultimately result in a reduction of intracaste correlations (Cheverud, 1984; Price & Langen, 1992) . As a result, traits under high historical levels of castespecific selection are expected to be less correlated with other morphological traits than traits not under historically strong selection.
Fourth, we compared allometric relationships between castes (Wilson, 1953 (Wilson, , 1971 Wheeler, 1991; Nijhout & Wheeler, 1996; O'Donnell, 1998; Tschinkel, Mikheyev & Storz, 2003; Bonduriansky, 2007b) . Caste-specific allometric patterns are often taken as evidence of functional differences between queen and worker castes (Hunt et al., 1996) , or among worker subcastes (Wilson, 1953; Oster & Wilson, 1978; Diniz et al., 1994; Fraser et al., 2000; Schoning, Kinuthia & Franks, 2005) . Thus significant differences in trait allometry between the queen and worker castes might reflect past differential selective pressures operating in the two castes. In summary, we analysed four different aspects of individual morphological traits (i.e. dimorphism, variability, intracaste correlation, and allometry) to identify the action of past caste-specific selection.
In addition, we assessed relationships of all morphological traits analysed to determine if the suite of traits as a whole displayed evidence of having been acted on by selection. Specifically, we determined the association between intercaste correlations (cf. intracaste correlations above) and caste dimorphism values. The importance of this relationship arises from the fact that homologous traits in castes of ancestral social species were probably controlled by the same genetic mechanisms. This common genetic control of traits in different castes would have resulted in high intercaste genetic correlations (i.e. a particular genotype would have the same phenotypic effect in both castes; Lande, 1980; Bonduriansky & Rowe, 2005) . However, highly correlated traits, which experienced divergent selective regimes between castes in ancestral populations, would have been suboptimally expressed in both castes (Chippindale et al., 2001; Bonduriansky & Rowe, 2005; Bonduriansky, 2007a) . Selection would thus have acted to remove such antagonistic constraints on fitness by reducing intercaste genetic correlations, thereby allowing dimorphic phenotypes to evolve more rapidly (Lande, 1980; Reeve & Fairbairn, 1996 Bonduriansky & Rowe, 2005; Fairbairn & Roff, 2006; Bonduriansky & Chenoweth, 2009 ). Consequently, traits under strong selection in one or both castes are expected to show high levels of trait dimorphism (see above) and low intercaste correlations. In contrast, traits not under strong differential selection in the castes may show low levels of trait dimorphism and high intercaste correlations. Thus, overall, a negative association between intercaste phenotypic correlation and trait dimorphism may be expected if the traits being analysed were historically genetically correlated, and differed in the levels of caste-specific selection that they had experienced.
This study attempted to identify the effects of castespecific selection in the eastern yellowjacket Vespula maculifrons (Buysson, 1905) . This highly social wasp displays a high degree of differentiation between its queen and worker castes ( Fig. 1 ; Spradbery, 1973; Greene, 1991) . Moreover, V. maculifrons castes are expected to be under distinct types of selection because of their strongly divergent morphologies, behaviours, reproductive roles, and functions (V. maculifrons natural history reviewed by Spradbery, 1973; Macdonald & Matthews, 1981; Greene, 1991; Hoffman & Goodisman, 2007) . The social structure displayed by V. maculifrons is also well understood: colonies are headed by a single, multiply-mated queen (Ross, 1985; Goodisman, Kovacs & Hoffman, 2007a) , and members of all patrilines are found in both castes (Goodisman, Kovacs & Hoffman, 2007b) . Thus the social system and variation in caste functions displayed by V. maculifrons facilitates an analysis of the effects of caste-specific selection. Overall, we expected that queen traits would show stronger evidence of being under historical levels of caste-specific selection than worker traits, because queens may be more directly subject to the effects of both natural and sexual selection. In contrast, workers may experience selection more indirectly through their effects on colony success, and thus may not display the effects of selection as strongly (Linksvayer & Wade, 2009 ).
MATERIAL AND METHODS

SAMPLES
We collected 18 V. maculifrons nests from metropolitan Atlanta, Georgia, USA, in 2004 and 2005. Six colonies contained only workers, 11 colonies collected in the autumn contained both gynes (pre-reproductive queens) and workers, and only gynes were collected from one additional colony. A mean ( x ± SD ) of 49.33 ± 35.02 workers and 37.58 ± 6.95 gynes per colony were sampled (Table 1) . No obviously teneral individuals were included in the analyses.
GENETIC ANALYSIS
We assigned gynes and workers to patrilines using microsatellite markers. DNA was extracted from a single leg of each individual worker or gyne so as not to substantially affect the size measurements taken. Worker genotypes were then determined at eight microsatellite loci: LIST2003, LIST2004, LIST2013, LIST2019, LIST2020, RUFA 5, VMA-3, and VMA-6. The heterozygosities at these loci were sufficiently high so that the probability of two males from the population having the same genotype was low (<< 0.0001; Goodisman et al., 2007b) , and thus individual workers could readily be assigned to patrilines (Johnson et al., 2009) . Gyne genotypes were determined at a subset of loci (LIST2004, LIST2013, LIST2019, LIST2020, and VMA-6), which were variable enough to distinguish all patrilines. Polymerase chain reactions (PCRs) were conducted as described by , and were visualized using an Applied Biosystems PRISM® 3100 Genetic Analyzer.
MORPHOLOGICAL MEASUREMENTS
Workers and gynes were dried overnight at 60°C in order to obtain their dry mass. Each individual was then digitally photographed in a dorsally facing position. A Zeiss millimetre micrometer was included in each photo for calibration. Using tools within Canvas v9.0.4, we measured the linear dimensions of the following five traits: thorax width (measured from the inside of the left wing tegula to the inside of the right wing tegula, i.e. the width of the mesoscutum), thorax length (measured from the anterior tip of the mesoscutum to the posterior tip of the propodeum, i.e. the mesosoma), length of the third tergum, gaster length (the measure of the abdomen, not including the first abdominal tergum), and total body length. Body length was used as the indicator of body size for caste dimorphism estimates (see below) and bivariate allometric estimates (Fig. 2) . Contemporary analyses of social insects suggest that some of the analysed traits may be of functional importance. For example, mass and body length are related to survival and fecundity in a variety of social insects (Heinze, 1989; Elmes, 1991; Rüppell, Heinze & Hölldobler, 1998; Abell et al., 1999; DeHeer, 2002; Wiernasz & Cole, 2003; Bargum, Boomsma & Sundström, 2004; Fjerdingstad, 2005) . Additionally, gaster size often exhibits pronounced allometric caste differences (Blackith, 1958; Jeanne & Fagen, 1974; Turillazzi et al., 1994) . Recent studies also suggest that gaster length and body length of V. maculifrons gynes are correlated with mating success, as well as overwintering survival Kovacs and Goodisman, unpubl. data) . Thus there is reason to expect that social wasp gynes experience strong selection associated with their life history (Molina, Harris & O'Donnell, 2009 ).
STATISTICAL ANALYSES
We determined the degree of trait dimorphism between workers and gynes using a modification of Bonduriansky & Rowe's (2005) formula, originally derived to calculate the trait dimorphism between males and females. The degree of caste dimorphism for each trait i was thus calculated for each colony separately as
; where X i j is the mean absolute size of trait i in caste j (W denotes worker and G denotes gyne), and X BL j is the mean total body length of caste j. The Di estimate for each trait within each colony was then averaged ᭤ Figure 2 . Relationships between log-transformed morphological traits and total body size in Vespula maculifrons gynes and workers. Standard major axis regression lines demonstrate a linear fit. Histograms illustrate the distributions of trait sizes in both castes. Gyne traits are represented by black symbols and lines, whereas worker traits are represented by grey symbols and lines. across colonies to provide an overall point estimate of trait dimorphism. This calculation provided an estimate of relative dimorphism between traits unbiased by differences in the number of individuals sampled per colony (Bonduriansky & Rowe, 2005) . Finally, Student's t-tests were used to determine whether the colony-level D i estimates for each trait differed significantly from a mean of zero.
We tested if workers and gynes differed in trait variability. Specifically, we calculated the coefficient of variation (CV) for each trait within each caste of the eleven colonies that contained both workers and gynes (Fjerdingstad & Crozier, 2006; Roux, Roux & Korb, 2009 ); these colony values were then averaged to provide a point estimate for each trait's CV (i.e. colony information was weighted equally). Individual gyne and worker CVs for each colony were then used in paired Student's t-tests to determine if the CVs of particular traits differed significantly between castes.
We calculated Spearman's correlations between traits for each caste within each colony (i.e. intracaste correlations). These colony-level correlations for each trait were then averaged across colonies to provide an overall point estimate of trait correlations. Intracaste phenotypic correlations were used as proxies for genetic correlations, because phenotypic correlations generally follow genetic correlations closely (Cheverud, 1988; Bonduriansky & Rowe, 2005) . The independent Spearman's correlations calculated for each colony were then used in Student's t-tests to determine whether the gyne or worker correlations were significantly different from zero. Additionally, the colony-level correlations for each caste were compared against each other using Student's t-tests to determine whether trait pairs were significantly more correlated in one caste than the other.
Allometric relationships were measured using the multivariate coefficient k, both within and among castes. k is an index of the growth 'curve' of one trait in relation to another (Strauss, 1987) . Generally, a linear trait is isometric when k = 1.0, is positively allometric when k > 1.0, and is negatively allometric when k < 1.0. The k values for each caste were calculated for individuals within single colonies using the standardized loadings of the first eigenvector on all traits resulting from principal component analyses of the covariance matrix (Jolicoeur, 1963; Humphries et al., 1981; Diniz et al., 1994) . Means and standard errors for k were obtained by averaging the independent k estimates obtained for each colony. We tested if the colony-level estimates of k differed significantly between the castes by using Student's t-tests (Diniz et al., 1994) . We then determined whether the colonylevel estimates of k differed from the point estimates expected under isometry for each caste (Diniz et al., 1994; Bonduriansky, 2007a) . For all linear traits, isometry would result in k = 1.0. However, mass is expected to increase geometrically with other linear measurements of size, because volume is a product of three dimensions. Thus, an isometric relationship between mass and overall body size would result in k = 3.0 (West, Brown & Enquist, 1997) .
Intercaste correlations were obtained from combined analyses of morphological and genetic data. For each trait, Spearman's rank correlations were used to test for phenotypic correlations between full-sibling queens and workers within each colony. The overall intercaste mean phenotypic correlation and the standard error for each trait were then calculated from the individual colony estimates. Additionally, the colony-level P values for each independent Spearman's correlation were combined using a Z-transform test (Whitlock, 2005) . As with the intracaste correlations discussed above, phenotypic correlations were used as proxies for genetic correlations for the intercaste correlations (Cheverud, 1988; Bonduriansky & Rowe, 2005) .
RESULTS
The sizes of gyne and worker traits were almost completely non-overlapping (Fig. 2 ). Mass displayed the highest level of dimorphism between the two castes ( Table 2 ). The levels of dimorphism for the other traits were considerably lower, although the values for third tergum length and gaster length were significantly greater in gynes than in workers. Moreover, worker traits tended to be smaller than gyne traits relative to total body length (i.e. the caste dimorphism was generally positive; Table 2 ).
We detected significant differences in the level of variation for a few traits between castes. Specifically, workers displayed significantly more variation in 
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thorax width and length, whereas gynes showed significantly more variation in mass (Table 1) . However, the coefficients of variation for the other traits did not differ significantly between the castes. All worker trait correlations were significantly greater than zero (Table 3) . Most, but not all, gyne trait correlations were also significantly greater than zero. Additionally, most trait pairs were significantly more correlated in workers than in gynes (Table 3) . Thus gyne traits were not as tightly associated with each other as worker traits.
The multivariate allometric coefficients, k, were significantly different between castes for most traits (Table 4) . However, the direction of allometry tended to be negative for most traits in both castes. Thus, most allometric relationships in the two castes differed in magnitude rather than direction.
Finally, we determined the relationship between caste dimorphism and mean intercaste phenotypic correlation for our five measured traits. This relationship is expected to be negative if caste-specific selection has operated on some traits (see above). As predicted, the correlation between caste dimorphism and the intercaste correlations was significantly negative in V. maculifrons ( Fig. 3 ; standard major axis regression, y = -2.69x + 0.52, P = 0.02). Thus the data are consistent with the idea that some traits have been subject to caste-specific selection and experienced a breakdown of intercaste correlation and a concomitant increase in caste dimorphism.
DISCUSSION
The goal of this study was to determine whether caste-specific selection had acted on the morphological traits of a social insect. Caste-specific selection was inferred if the trait showed: (1) substantial caste dimorphism; (2) considerable differences in variability in the two castes; (3) low intracaste phenotypic correlations; and (4) major differences in allometric relationships between castes. In addition, the association between intercaste phenotypic correlations and caste dimorphism was assessed to detect the effect of selection operating on all traits as a group. We expected that gyne traits might show more evidence of selection than worker traits, because selec- Gyne correlations lie above the diagonal and worker correlations lie below. Correlations that differ significantly from zero (P < 0.05) are set in bold. Traits for which correlations were significantly larger in one caste than the other are underlined in the caste with the larger correlation. Analyses of individual traits within and between castes provided evidence of the past action of castespecific selection. For instance, mass was highly dimorphic between the castes, whereas most other traits showed relatively low levels of dimorphism ( Fig. 2 ; Table 2 ). Gyne thorax width and thorax length were also significantly less variable than homologous worker traits (Table 1) . Moreover, mass and thorax width, mass and thorax length, and gaster and thorax length were not significantly correlated within gynes (Table 3) . Finally, the levels of allometry differed substantially between castes for most traits. Taken together, these analyses imply that thorax width and thorax length may have been under stronger selection in gynes than in workers. Mass also showed evidence of being under the influence of past selective pressures. Based solely on the levels of variation in mass present in the two castes, it would seem that mass was under stronger selection in workers than gynes, as gyne mass displayed significantly more variability than worker mass. However, this conclusion was not supported by gyne and worker intracaste phenotypic correlations.
Moreover, the strong correlations found between all worker traits, including mass, were not consistent with strong selection on mass in workers. It is also notable that mass is more labile in adults than other traits, and therefore may be more readily influenced by environmental factors (Mirth & Riddiford, 2007) .
ALLOMETRY
Most traits displayed negative allometry (Table 4 ), indicating that they were relatively smaller in larger individuals than in smaller individuals. Only gyne gaster length was positively allometric. Notably, previous work in the congeners Vespula rufa (Linnaeus, 1758), Vespula germanica (Fabricius, 1793), and Vespula vulgaris (Linnaeus, 1758) also found that gyne gaster traits displayed positive allometry (Blackith, 1958) . We also discovered that the allometric relationships differed between castes, which appears to be a common finding in social wasps (Blackith, 1958; Jeanne & Fagen, 1974; Hunt et al., 1996; Noll et al., 2004; Noll & Wenzel, 2008) .
The strong allometric differences detected between castes for nearly all observed traits suggest that caste evolution in Vespula wasps may have followed a model proposed by Wheeler (1991) . Wheeler suggested that caste evolution begins with casteless individuals that have the same allometric relationships. Morphologically distinct castes begin to form when differently-sized reproductive and subfertile groups evolve. The morphologies of these two groups diverge further because of selection acting upon developmental switches that produce different allometries. Once two discrete size groups are produced, the developmental switches underlying dimorphisms begin to operate earlier in development, allowing the production of castes that differ more in shape (allometry) than in size.
CASTE DIMORPHISM AND INTERCASTE CORRELATIONS
We analysed the association between trait dimorphism and intercaste correlation to detect evidence of past selection on the suite of morphological traits analysed in V. maculifrons. We found that caste dimorphism and intercaste correlations were significantly negatively associated (Fig. 3) . However, the significance of this correlation was modest (P = 0.02). In addition, much of the signal was derived from a single trait: mass. Thus the results from this study must be interpreted with caution.
Regardless, it is noteworthy that a negative correlation between trait dimorphism and intercaste correlation supports the hypothesis that these correlations reflect genetic architectures that constrain the evolution of dimorphism. Moreover, the results suggest that significant intergroup dimorphism evolves more rapidly if the intergroup correlations for homologous traits are reduced. Our results are consistent with those obtained from analysing traits in sexually, as opposed to caste, dimorphic species (Lande, 1980; Reeve & Fairbairn, 1996 Ashman, 2003; Bonduriansky & Rowe, 2005; Fairbairn & Roff, 2006; Fedorka, Winterhalter & Mousseau, 2007; Steven, Delph & Brodie, 2007; Bonduriansky & Chenoweth, 2009 ). However, further analyses performed in other social insects are needed to more fully understand the genetic architecture of caste dimorphism.
CONCLUSIONS
Our findings suggest that caste-specific selection may have acted on several gyne traits in V. maculifrons. These results provide an intriguing glimpse into the selective pressures operating on caste morphology in social insects, thereby laying the groundwork for future studies to examine the nature of the distinct selective pressures and functional constraints that have shaped morphological traits in highly castedimorphic systems. Additionally, our analyses of dimorphism and intercaste correlations provide a parallel with work performed in sexually dimorphic species, and should help to broaden our understanding of the evolution of phenotypic dimorphisms in different contexts.
